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1
APPARATUS AND METHOD FOR ACCURATE
ENERGY DEVICE STATE-OF-CHARGE (SOC)
MONITORING AND CONTROL USING
REAL-TIME STATE-OF-HEALTH (SOH) DATA

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of application
U.S. Ser. No. 14/236,944 filed Feb. 4, 2014, now U.S. Pat. No.
8,838,401 issued Sep. 16,2014. Said Ser. No. 14/236,944 is in
turn a US national stage application of PCT/US12/50832
filed Aug. 15, 2012, now expired. Said PCT/US12/50832 in
turn claims benefit of provisional application U.S. 61/523,
713 filed Aug. 15, 2011, now expired.

BACKGROUND OF THE INVENTION

Electrochemical impedance spectroscopy (EIS) has been
used in studies of electrode and plate behavior during charg-
ing and discharging for years. The impedance response of the
battery, or more broadly, any electrochemical energy storage
and/or conversion device (including certain types of fuel cell
technologies, solar cells, and even certain types of capacitor
technologies), depends on the measurement frequency and
the “state” of the energy device at the time it is tested. For the
specific case of a battery, this method has been reported to be
affected, to varying degrees, by many fundamental battery
parameters, including battery design, manufacturing toler-
ances, aging, temperature, and state-of-charge (SoC). The
goal of EIS State-of-Health (SoH) monitoring techniques is
to extract as much information as possible about the electro-
chemical health of the battery. Based on the variability intro-
duced by the parameters noted above this monitoring tech-
nique has fallen short in the market place. The evolution of the
technology followed a very predictable path and this appli-
cation discloses the next generation of this technology which
is a revolutionary break-through in the science of EIS SoH
battery monitoring.

This disclosure will elucidate the novelty, inventive step
and industrial viability of a method and device for more
accurately measuring the SoH of an energy device by illus-
trating the drawbacks of the current SoH measurement and
prediction techniques on lead acid battery chemistry and
showing how using ultrasonic energy as part of the measure-
ment process overcomes these deficiencies. However, it
should be understood that the disclosures here can be applied
to any electrochemical energy storage and/or energy conver-
sion devices (generally referred to simple as “energy
devices”), including but not limited to, certain types of fuel
cells, solar cells and capacitor technologies. In the broad
understanding of the method and device disclosed here, it
applies to any electrochemical energy device in which there
are ionic species kinetic limitations and/or deficiencies. Cer-
tain fuel cells, solar cells and capacitors also have known
ionic kinetic deficiencies which impact their operating char-
acteristics and performance and it should be understood that
this method and device disclosed encompasses these type of
devices as well.

A brief background is necessary in order to elucidate the
novelty of the invention being presented.

In recent years there has been considerable activity and
debate regarding the use of internal “impedance” character-
istics as a battery condition measurement. The interest
reflects the desire for simple electronic means to replace
discharge testing as a practical determination of residual bat-
tery capacity (i.e. both SoC and cycle life), particularly given
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the increased usage of valve-regulated lead-acid (VRLA)
batteries (for the lead acid chemistry example). The advanced
electronic monitoring technique disclosed here, in combina-
tion with the internal impedance degradation control meth-
odology disclosed in U.S. Pat. No. 7,592,094, provide some
powerful tools for battery monitoring and management sys-
tems. Utilization and effective integration of these mechani-
cal excitation techniques separately or in combination will
result in a technology platform making possible unprec-
edented improvements in the utilization of energy storage
devices (i.e. the battery—Li-ion, L.ead Acid, NiMh, Ni-based,
Zn-based, etc.) while also dramatically improving the sys-
tem’s overall performance, lifetime and safety. In general, the
currently available battery State-of-Charge (SoC) monitoring
and charge control systems do not adequately utilize energy
storage systems to their fullest potential mostly based on an
inability to empirically measure and thereby compensate for
the negative effects of a battery’s internal impedance build-up
over service life (i.e. degradation). In fact, much oftoday’s art
practices in this field intensify the decline in battery perfor-
mance and accelerate its failure rate by not taking into
account and addressing the inherent inefficiencies and phys-
iochemical differences brought on by the increasing battery
internal impedance over service life. Furthermore, as battery-
based systems become more and more demanding (i.e. more
frequent charge and discharge, faster and more rapid tran-
sients, larger amplitudes, etc.), for applications, such as
hybrid electric vehicles (HeV), hybrid electric vehicles
(PHeV), electric vehicles (EV), grid scale frequency and volt-
age regulation, smarter smart phones, etc., this negative effect
and trend on battery performance and service life will worsen.

As an example of how a build-up of a battery’s internal
impedance impacts its performance is shown in FIG. 7. FIG.
7 is data collected from performing cycle life testing of a
commercial off-the-shelf Lead Acid (LA) battery. The plots
shown are from the second of two 4000 minute lifetime cycle
tests where the Open-Circuit Voltage (OCV) (after 20 sec-
onds rest time) was measured until the charging cell reached
2.04V and then switched to discharge. Once the Closed-
Circuit Voltage (CCV) discharge voltage reached 1.7V the
next charge sequence would commence, effectively cycling
the cells between 1.7V and 2.04V. The mechanical excitation
delivery device/system was at a 100% duty cycle during
charge and discharge and operated at 3.26 Mhz.

InFIG. 7, as the battery ages (i.e. declines in health as cycle
life increases) the measured charge CCV (i.e. Vg,,.,,) con-
tinues to rise and it takes longer and longer for its OCV (after
20 second rest period) to reach a threshold of 2.04V. This rise
in CCV is caused by a steady but degrading build-up of the
battery’s internal impedance. It is also shown that as the
battery ages the difference between the initial CCV at the end
of the first few charges and that of the highest CCV taken at
the end of the final charge is much greater for the non-vibrat-
ing cell with no mechanical excitation applied, than for the
vibrating cell. This is a clear indicator that the mechanical
excitation substantially minimizes the rate (i.e. the slope of
CCV vs. cycle time) at which this degrading internal imped-
ance (Z,,,) builds up. It is worthy to note that at around 3600
minutes (really, 7600 minutes because this is second 4000
minute test) into the cycle testing the non-vibrating cell com-
menced a charge and would not switch over to discharge. This
was the final cycle of the non-vibrating cell whereby it failed
to accept charge energy, i.e. this signifies a battery failure
which is the end of the battery life. The test for the cell with
mechanical excitation (vibration) lasted many more cycles.

As another example, FIG. 8 is a Cyclic-Voltammetry (CV)
test which compares the Current (I) vs. Voltage (V) response
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of a 1 cm?® area of porous lead (Pb) electrode submerged in
sulfuric acid at a 1.31 specific gravity at 80° F. with and
without mechanical excitation applied and at the same scan
rate. The mechanical excitation delivery device/system was at
a 100% duty cycle during charge and discharge scans and
operated at 6.5 MHz. The current vs. voltage profile for the
non-vibrating (i.e. control cell) and vibrating (i.e. test cell) are
shown with legends in the figure. The area under the vibrating
cell’s discharge curve (which peaks at around 1.05V) is about
75% greater than the corresponding area under the non-vi-
brating cell’s discharge curve (which peaks at around 1.13V).
The area under these curves represent both charge (area under
upper curves, positive region) and discharge (area under
lower curves, negative region) power (i.e. Power=V*I), and
therefore, can be directly correlated to charge energy in and
discharge energy out (i.e. A-hr capacity—run time) based on
using the same scan rate. The charge energy in to the control
cell was larger than the charge energy in to the test cell, and
the discharge energy out of the test cell was larger than the
control cell. Therefore, the test cells electrochemical conver-
sion efficiency was much higher than that of the control cells,
on the order of 2x. Thus, the addition of high frequency
mechanical excitation to this Pb-acid electrode system com-
pletely altered its electrical response characteristics. Given
this, batteries with the proper mechanical excitation applied
will behave much differently from what the industry is accus-
tomed to and it will be important for battery manufacturers,
integrators and users not to rely on the electrical response
characteristics that are typically associated with the battery
chemistry make-up alone. It should be noted that there are
also other physiochemical benefits demonstrated and shown
from this CV testing which provides further objective evi-
dence that the test (i.e. vibrating) cell’s internal impedance
was significantly reduced.

It is widely accepted that the only way to truly know the
true health of a battery is to periodically conduct test dis-
charges. Once the test discharge is complete, and passes, this
is a ‘good’ indicator that the battery is operating as designed
and it provides peace-of-mind that the battery will perform its
intended function when called upon. Unfortunately, conduct-
ing a test discharge is costly and time consuming. More
importantly, if a test discharge is run on a battery pack too
often it will ultimately reduce the battery’s operating life, and
the subsequent replacement will prove to be extremely costly.
Batteries do not respond well to being fully discharged and it
directly takes away from the battery life.

When conducting a test discharge it is often necessary to
take the battery off-line, i.e. disconnect from its intended
function, and therefore alternative measures for back-up
power need to be in place. Typically, a back-up battery pack,
or other means of power, such as diesel generator, fuel-cell,
etc., is added to the system design to minimize the impact of
this necessary operational restriction, however, this brute
force attempt adds significant up front capital and mainte-
nance cost to the project. The industry is in need of an on-line
electronic measurement technique that will supply the user
accurate SoH information in real-time based on empirical
data acquired from a battery itself. If one does not use real-
time empirical SoH date, or uses prediction algorithms or
look-up tables such as are often supplied by battery or device
manufacturer or even worse yet, if it is not accounted for at all,
then the systems which monitor, control and manage the
energy storage systems performance, lifetime and safety are
compromised. Simply put: there is no substitute for real-time
empirical state of health data obtained from the battery itself,
as the basis for knowing the actual state of charge, and thereby
being able to accurately report data to the user as well as
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monitor and control and optimize the battery. The length of'a
test discharge for a primary battery back-up plant is depen-
dent on the rate at which it is discharged. Typically, this time
is determined by how much of a load is on the system and how
long it may be needed in an emergency situation. As a point of
reference, some applications require the battery pack to sup-
port critical loads for a period up to ~72 Hours. Therefore, the
minimum time the battery pack will be off-line is approxi-
mately 3 days, while the battery is being discharged. How-
ever, after the 3-day test discharge is complete the battery is
still not available for its intended function. The battery must
be charged back up and this is also a time consuming process.
If the battery is charged too hard or too fast it will take away
from the battery’s operating life, and again the replacement
costs are significant. Thus, a general rule is that the battery
should be charged for at least the length of time it was dis-
charged, however, battery manufacturers would prefer a
much longer charge time (on the order of 30 days for very
large lead-acid battery packs). Therefore, the minimum time
the critical battery back-up source in this example will be
off-line, excluding set-up and testing time, is approximately 6
days. However, this aggressive charging algorithm is on the
edge of what battery manufacturers are willing to warrantee,
so prudent engineering judgment would dictate using longer
charge times, thus increasing the down time of a critical
energy source.

A purpose of this novel, inventive and industrious
mechanical excitation technique is to remove this inherent
uncertainty in the electronic measurement technique, thereby
obviating the need to conduct frequent and costly test dis-
charges. Conducting periodic test discharges of the plants
critical battery back-up not only places sever operational
restrictions on the plant, but, even more importantly it reduces
the operating life of the battery pack and results in premature
battery pack replacement. If the utility tries to minimize the
length of time that this necessary operational restriction is in
place, by charging the battery at a faster than recommended
rate, than this will ultimately result in unwanted and prema-
ture costly battery pack replacement. Thus, the peace of mind
that comes with knowing that your critical battery back-up
source is ready for its intended function comes at a great cost.
The utility has to weigh the risk of minimizing operational
restrictions against the looming cost of replacing its battery
pack. As a result, many companies are attempting to deter-
mine the battery health without test discharging. The method
disclosed herein will offer a piece of mind to the plant owners
that there battery pack will perform its intended function
without the need to perform costly, restrictive and timely test
discharges.

SUMMARY OF THE INVENTION

A device and associated testing method for empirically
determining the state-of-charge of an electrochemical energy
device, comprising: applying electrical excitations to the
energy device at a predetermined electrical excitation fre-
quency w,; applying mechanical excitations to the energy
device at a predetermined mechanical excitation frequency
,; measuring an electrically-induced phase difference AO,
(m,) between voltage (V) and current (I) within the energy
device from applying the electrical excitations; measuring a
mechanically-induced phase difference A0, (w,,) between
voltage (V) and current (I) within the energy device from
applying the mechanical excitations; and deducing the
empirical real-time state-of-health of the energy device by
comparing the electrically-induced phase difference A8 (®,)
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with the mechanically-induced phase difference A8, (w,,);
and using the deduced state of health to determine the state of
charge.

This same method can be used to provide accurate run-time
(i.e. SoC, the ‘Fuel Gauge’) and electrical performance (bet-
ter monitoring and charge control and optimization) informa-
tion and life time predictions (i.e. cycle life at current usage
profile) for the energy device. In one embodiment of the
invention, one applies this testing method and determines a
baseline phase difference between current and voltage. Then,
atalater time, when it is desired to test the health of the energy
device, one again applies this testing method and compares
the later phase difference with the baseline phase difference.
The later phase difference diminishing from the baseline
phase difference indicates energy device aging, and a decline
in the energy device’s electrochemical health, roughly lin-
early with the diminution. Using various prediction algo-
rithms’ and prediction techniques this method and device can
be used to accurately predict the energy devices residual
energy capacity (i.e. SoC) available for use as well as the
device’s remaining life time (i.e. cycle life at current usage
profile).

Thus, having the ability to accurately measure a battery’s
internal impedance, without it being altered by the items
mentioned above, while on-line and in real-time, will give
battery manufacturers, system integrators and the end users
the ability to account for this natural battery degradation
mechanism, and will result in much more accurate SoC cal-
culations, charge (including formation) control, cycle life
calculations, battery and battery system optimization, and in
general a much better performing and more reliable battery
management system. Performance, lifetime and safety issues
currently plaguing the industry stemming from suboptimal
monitoring, control and management are significantly mini-
mized and/or eliminated.

Typically the reported SoC is based on a relatively simple
translation of the battery’s CCV (i.e. Vg,,,.,,.). There are other
methods in the art which attempt to account for temperature
and impedance effects and some are rather expensive and
complex because they employ higher capacity processors and
develop sophisticated algorithms based on computer models
of'the battery in question. Some even utilize battery or system
designer look-up tables to forecast the effects of the tempera-
ture and internal impedance. In general, as the battery-oper-
ated devices get smaller and smaller (where “real estate” i.e.
available space is a concern) while their capabilities are
increased (i.e. more Apps and features), battery manufactur-
ers and system integrators are compelled to settle for the
lowest cost and least accurate CCV translation method. It is
an important teaching of this disclosure that measuring CCV
and using this input to ascertain the SoC of the battery without
taking into account a battery’s own empirically-deduced real-
time SoH (i.e. its age, SoH or build up/internal impedance)
results in inaccurate measures of the remaining capacity (i.e.
SoC) and/or remaining runtime (i.e. cycle or service life) of
the battery. This means that the data provided to the user about
the battery will be inaccurate, and to the degree that the
battery control is based on this data, that the control system
will be suboptimal if not counterproductive. Similarly, the
prominently-used Li-ion battery charging circuit for portable
electronics employs a low-cost linear charger Integrated Cir-
cuit (IC) to charge the battery and uses the CCV (i.e. V...,
as its measured input. So if the battery’s ever-increasing inter-
nal impedance is not properly compensated for, this will
ultimately lead to capacity fade and accelerated degradation.

To illustrate why the battery CCV is not the optimal input
if not compensated by the real-time empirical SoH of the
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battery a small charge/discharge system is depicted in FI1G. 9.
This simple electrical circuit depicts an ideal energy source
(V,) (i-e. in this case available chemical potential energy), its
internal impedance (Z;,,) which grows as degrading deposits
accumulate and the battery ages, the total voltage across the
battery (V z,,,.,,,) as measured at its terminals (CCV or OCV),
a Charger, a Load, a switch (SW1) and the Current (I). The
circuit in FIG. 9 is shown in its charge condition and the
current (1) is traveling to the left through 7, and into Vo in
order to recharge the battery from a depleted condition (i.e.
low SoC). V3, if measured with either charge or discharge
current (I) present is the measured CCV, and without current
(D) present is the measured OCV. In this Figure V,,,, terminals
are available to measure the voltage dropped across the bat-
tery’s internal impedance Z,,. An arrow is also shown across
7, 10 represent its variability and to aid in visualizing an
ever-increasing V. as the battery’s Z,,, increases over ser-
vice life. Thus, it can be shown that if a battery is charged at
the beginning of service life (i.e. a brand new battery) that it
has one value of Z,,,, and if this same charge current (I) is
applied later in the battery’s service life, then voltage drop
across the battery’s internal impedance (V) will be greater
and greater as the battery ages.

Because Vo+V =V ..., it should be clear to one skilled
in the art that if V,,, increases at the same current (I), then less
potential will be available across Vo to recharge the battery.
So, initially in service life when the internal impedance (7,,)
is relatively low, the energy lost (i.e. wasted in form of heat)
will impact the potential to charge the battery Vo much less
than at other times after the battery has been in service.
Therefore, the measured CCV (or V,,,.,,) upon which many
systems base their monitoring and charge control algorithms
is comprised of two voltage components and one of these is
dependent on Z,,, which increases over the service life of the
battery. If this is not taken into account, by not applying the
empirical SoH correction factor compensation in some form,
the overall energy storage management program will be
adversely affected. In other words, if one does not understand
and compensate for how V,,, and Vo re-proportion over the
service life due to increasing internal impedance (Z,, ) then
systems that depend on the measured CCV (i.e. Vz,,,,,,,) may
start out at their designed or rated X +/-% accuracy, however,
that will be short-lived and the system will see a steady
decline in accuracy. Restated yet again, if one does not under-
stand and compensate for how V,  and Vo re-proportion over
the service life due to increasing internal impedance (7,,,,)
then systems that depend on the measured CCV (i.e. V.,
may start out at their designed or rated X +/-% accuracy,
however, that will be short-lived and the system will see a
steady decline in accuracy. To the extent that the battery is
monitored or controlled based on this CCV data, that moni-
toring and control will be sub-optimal, and the battery’s per-
formance will be worse and its lifetime shorter it could oth-
erwise be.

BRIEF DESCRIPTION OF THE DRAWINGS

The features of the invention believed to be novel are set
forth in the appended claims. The invention, however,
together with further objects and advantages thereof, may
best be understood by reference to the following description
taken in conjunction with the accompanying drawing(s) sum-
marized below.

FIG. 11s a graphillustrating the phase relationship between
voltage (V) and current (I) in an ideal capacitor.

FIG. 2 illustrates a model of a flooded type lead-acid bat-

tery.
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FIG. 3is a graphillustrating the phase relationship between
voltage (V) and current (I) using a single-frequency EIS tech-
nique.

FIG. 41s a graph illustrating the phase relationship between
voltage (V) and current (I) using a dual-frequency EIS tech-
nique.

FIG. 51s agraphillustrating the phase relationship between
voltage (V) and current (I) using an ultrasonic technique.

FIG. 6 is a graph illustrating in general terms, true state of
health measurement in accordance with various embodi-
ments of the invention based on voltage (V) versus current (1)
phase differences using electrical and mechanical excitations.

FIG. 7 is graph illustrating the cycle testing of a commer-
cially available vented lead acid battery with and without
mechanical excitations applied.

FIG. 8 is a Cyclic-Voltammetry (CV) test which compares
battery cell Current (I) response to an applied Voltage (V).
The test specimen is a 1 cm® area of a porous lead (Pb)
electrode, submerged in sulfuric acid at a 1.31 specific gravity
at 80° F. with and without mechanical excitation applied and
at the exact same scan rate.

FIG. 9 is a schematic of a simple charge and discharge
circuit which models the time-variable impedance of a batter
due to degradation.

FIG. 10 is a graph of the three charge phase a typical Li-ion
battery during charging.

DETAILED DESCRIPTION

This disclosure will elucidate the novelty, inventive step
and industrial viability of this method and device by illustrat-
ing the drawbacks of current SoH measurement techniques
on lead acid battery chemistry, however, it should be under-
stood that this technique can be applied to any electrochemi-
cal energy storage and/or conversion device; including, cer-
tain types of fuel cells, solar cells and capacitors (i.e. hybrid
and super capacitor technologies).

In general, many of the inherent limitations of typical elec-
trochemical energy storage and/or conversion devices are the
result of ionic kinetic deficiencies, i.e. low diffusion and
migration rates of the chemical reaction product ions (i.e.,
ionic species). In fact, these same kinetic deficiencies are the
main differentiator between the performance of an ideal
capacitor and an electrochemical energy storage device (e.g.,
battery). Certain types of fuel cells, such as: Polymer Elec-
trolyte Membrane (PEM) also have ionic kinetic deficiencies
for which this method and device can be exploited to gain
additional electrochemical health information which will
help provide accurate SoH measurement and prediction
methods. In an ideal capacitor there is no chemical reaction
taking place and therefore the ionic species kinetic transport
limitations are non-existent and do not impact this storage
device’s performance, i.e. almost instantaneous charge time
and almost infinite cycle life. However, ideal capacitors do
nothave the energy storage capability that would be useful for
large critical energy storage back-up applications. In fact,
their storage capacities are orders of magnitudes less than that
of'even the most limited electrochemical storage device (e.g.,
battery). There are other types of capacitors on the market and
in development in which there are chemical reactions taking
place and which therefore suffer from ionic kinetic limita-
tions, however; in this disclosure we will utilize the behavior
of'this ideal capacitor as an example, without implied limita-
tion, to elucidate the effectiveness of the disclosed novel and
innovative EIS SoH monitoring method and device.
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The Phase Relationship Between Voltage (V) and Current (1)
Across an Ideal Capacitor

FIG. 1 is a phase diagram that will be used throughout the
remainder of this disclosure to provide insight into the nov-
elty and inventiveness of this method and device. In this
disclosure the use of the term ‘ideal’ in reference to the ideal
capacitor is used to elucidate the lack of ionic kinetic defi-
ciencies that plague many other types of electrochemical
energy storage and/or energy conversion devices. In this dia-
gram the phase relationship between Voltage (V) and Current
(I) when applied to an ideal capacitor is depicted. A very small
amplitude sinusoidal voltage is applied across the terminals
of'the capacitor and the resultant phase difference (A8) of the
current response is measured. In the case of an ideal capacitor
this AQ difference is exactly 90°. One may ask that if we
applied V first then why does the current (I) show up first in
the phase diagram. This is not intuitive, so it will be discussed
briefly. When the electric potential is felt across the capacitor
electrodes, electrons start to accumulate on the negative elec-
trode and then they essentially push electrons off the positive
electrode, thus leaving that electrode positively charged, and
this is when the V across the capacitor electrodes begins to
grow. So, when all the electron flow stops (point A in FIG. 1),
the maximum V is measured across the capacitor terminals.

The phase relationship depicted in FIG. 1 is that of an ideal
capacitor. The only charge carriers involved are electrons and
there are no chemical reactions happening within that capaci-
tor and therefore there are no ionic kinetic limitations or
deficiencies. Thus, at any given time the measured impedance
of'this component will oppose the flow of energy to electrons,
and not ions. Clearly, if this same V signal was applied across
the terminals of a battery, an electrochemical device which
does undergo chemical reaction steps, the phase difference
A6 between V and I will be very different. This new phase
difference will be a result of many factors, but, the most
significant difference will be due to the introduction of a new
type of charge carrier, the chemical product ion charge carri-
ers. These ion charge carriers are much slower than electrons
and their rates are dependent on many different factors which
will be discussed below.

The Single Electrical Excitation Frequency (w,) Technique

Early attempts at determining the health of a battery with-
out invoking disruptive and costly test discharges fell short.
With this technique, a small sinusoidal electrical excitation
voltage is applied across the battery’s terminal and the result-
ant phase difference A8 of the response current is measured.
The clear advantage of this method is that it can be used
without taking the critical battery back-up off-line and it is a
very fast test. If this method of SoH determination was accu-
rate then it would obviate the need to take the battery pack out
of service, and it would eliminate the resultant operational
restrictions discussed above. The phase difference A8 is cor-
related to the battery’s internal impedance (Z,,), thus it is an
indirect measure of the battery’s opposition to the flow of
energy and this can be related to the health of the battery. In
order to examine this technique closer a typical and accepted
model of a flooded type lead-acid battery which will be used
and it is depicted in FIG. 2, where:

R, =Metallic Resistance (post, alloy, grid, and gridpaste)

R_~Electrochemical Resistance (paste, seperator, and

electrolyte)

In FIG. 2, the top depiction models the physical compo-
nents that offer an opposition to the flow of energy through the
battery. The equivalent circuit (the bottom depiction) has
grouped these components in order to better describe the
battery’s behavior as it relates to different types of charge
carriers (i.e. ions and electrons). The capacitance symbol (C,)
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represents the storage capacity of the battery. The metallic
resistance (R,,) represents the opposition to the flow to elec-
tron charge carriers, and the electrochemical resistance (R,)
represents the opposition to the flow of ion charge carriers.
This breakout of charge carrier oppositions will aid in the
following description:

(1) Complex Impedance of Battery (Z,,-)

1

Ziny =| Rulwe) + Rer(ce)

weCp(we) ]

- -
o + (0 Cplwe))

el

m + (W Cpwe)?
etlWe

where;

C,=Battery Capacitance

w,=electrical excitation Frequency

Equation 1 above was derived by performing a simple AC
analysis of the equivalent circuit in FIG. 2. Z,,, is an expres-
sion for the total complex impedance of the battery, which
represents the opposition to the flow of energy to an AC
electrical excitation signal with a frequency (w,). As anote: If
a DC signal is applied, then w_ =0, and the Z,,, expression
simplifies to Z,, =R, +R_,.

(2) Voltage (V) and Current (I) phasor relationship

vve,

1

=Zinr

Where;

0,=Phase Angle due to electrical frequency excitation

Equation 2 above is an expression of the phase relationship
between V, I and Z,, .. This is merely Ohm’s Law rearranged
and in its complex form. The resultant phase angle (6,) is
presented with sub-script (e), and this is associated with the
electrical excitation frequency (w,) presented in Equation (1).
These subscripts are not typically shown, but this granularity
will be useful in demonstrating the novelty of the method
being disclosed.

As shown in Equations (2), the phase angle (0,) can be
correlated to Z,, It should be recognized that if Z,
changes its response to an AC excitation signal, for any rea-
son, then its resultant complex impedance response, at a
certain frequency (w,), will change as well and will result in
a different phase angle (0,). If it is assumed that the V, T and w,
between various measurements are the same, then the result-
ant phase angle (0,), the measured parameter, will be depen-
dent on Z,,,only. Thus, the phase angle response between V
and I at a specific frequency (w,) can be correlated to the
complex impedance Z,,of a battery at the time the measure-
ment is taken and in theory can be used to indirectly deter-
mine the health of a battery. However, in practice, this method
is far from accurate as will be discussed later in this disclo-
sure.
the Battery’s Complex Impedance 7,

As the battery ages the available active material (energy
capacity—A-hrs) decreases, lead sulfate and other tertiary
compounds crystallize and form unwanted bonds, causing
non-rechargeable masses to form on, around and within the
electrode paste, the charge acceptance declines, the cyclic
efficiency falls off, the power density declines, and eventually
the battery cannot serve its intended function. Each of the
components in FIG. 2 are effected by battery aging phenom-
enon in a different way and each of their contributions will
impact the battery’s complex impedance (Z;,) in a different
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way. This will show up in a difference in the measured phase
angle (0,) between the V and I at a specific frequency (w,). In
Equation 1 above, itis clearthatR,, R_;, C, and w, all affect
the complex impedance response to an electrical excitation
signal.

In addition to aging phenomenon, there other battery con-
ditions that also affect the complex impedance response of the
battery, such as; the State-of-Charge (SoC), the battery’s
internal Temperature (T), the battery design, and the battery
manufacturing tolerances and process. These conditions
affect the battery components, and their contribution to Z
and this also results in a difference in the measured phase
angle (0,). A closer look into how each of these components
are affected by these factors is necessary in order to better
understand the problems with the accuracy of the single fre-
quency excitation measuring technique. The key to under-
standing the limitations on the accuracy which is possible
with the single frequency excitation method is to understand
the variability that is introduced into this measurement tech-
nique by the different components in the battery model
depicted in FIG. 2. Each of these components are impacted
differently by the battery’s age, SoC, temperature and its
design (material and construction), manufacturing and pro-
cess tolerances. In order for this technique to be an accurate
and trusted SoH monitor it must reveal information about the
true electrochemical health of the battery. Its measurement
result cannot be altered by battery conditions such as SoC,
temperature and its design or it will not supply the proper
information to the battery user in order for them to make
critical and costly decisions about their battery pack.

How does Battery Aging Affect 7,7

Ingeneral, R, R, z,, and R, ,, which are all components
of R,,, are not significantly impacted by battery aging. How-
ever, the following components are affected:

a) Rg,, 7 as00 @ component of R . During the first several
cycles of a lead acid battery the bonding between the
grid and paste tends to get stronger, after that, the bonds
tend to break down. Thus, the contribution of this com-
ponent to the resultant phase angle (6,) will cause it to go
one way at the beginning of life and then go the other
way as the battery ages, further adding to the variability
of this type of measurement technique.

b) R, 5., a component of R, increases as the battery ages
and this is mainly a result of unwanted tertiary com-
pounds, i.e. lead oxides and basic lead sulfates (tribasic
and tetrabasic), precipitating out of solution in unbal-
anced alkalinity conditions during the discharge. These
tertiary compounds interact and establish bonding rela-
tionships with the rechargeable PbSO, volume and the
electrode, on the surface of the electrode and within its
pores. These interactions (i.e. bonds) are mainly of the
covalent or even metallic type, but regardless of the type,
they are undesired because they negatively impact the
storage device’s capacity. This effectively limits the flow
and subsequent ionic transfer of the electrolyte’s chemi-
cal ion products and presents itself as an increase to the
opposition of the flow of energy, that is, an increase in
Z 7 This is essentially a decrease in the active material
utilization (measure of the battery’s capacity—A-hrs).
One can see how this negatively impacts both the dis-
charge and charge of the battery. During discharge there
is less active material available to undergo energy con-
version, and during recharge any additional compounds
and/or bonding that is created during the discharge reac-
tion must be undone during the recharge reaction (i.e.,
decrease in charge acceptance). The resultant contribu-
tion of this component tends to increase the phase angle
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(0,) as the battery ages thus further adding to the vari-

ability of this measurement technique.

©) R,,,, a component of R,,, tends to break down as the
battery ages and this also affects the resultant phase
angle (0,), thus further adding to the variability of this
measurement technique.

d) R,secrorpres @ component of R, is rather complicated
since there are so many different types of electrolytes
currently used in the industry: Liquid, Gel, and Absor-
bent Glass Matting (AGM), etc. The list is large and the
aging mechanism of each is different, some worst then
others; however, in general, the contribution of this com-
ponent to the resultant phase angle (6,) will be affected
by battery age thus further adding to the variability of
this type of measurement technique.

e) C,, a component of the battery model in FIG. 2 is also
affected by aging. Since C, is a measure of the battery’s
internal capacitance the same aging effects described for

R zsre A0 Ry ppopye Also affect the battery’s capacity to

supply energy. Generally the variability of the measure-
ment technique due to this component increases as the
battery ages.

How does Battery State-of-Charge (SoC) Affect 7,7

In general, R, R0 Ryrin Reridpasie: Which are all
components of R, and R,_,, components of R, are not

significantly impacted by the battery’s SoC. The following
components are affected:

@) R_socrron0e @ component of R ;, is highly dependent on
the battery’s SoC. The opposition to the flow of energy,
i.e. ions, increases as the concentration of the SO, in
the electrolyte solution goes down. Effectively, there are
less SO, to react with the active material ions (Pb*™*)
and this presents itself as an increase to the opposition of
flow. Therefore, the contribution of this battery condi-
tion will change the resultant phase angle (8,), thus,
further adding to the variability of this measurement
technique. This variability also increases as the battery
discharge continues.

b) R, a component of R, is dependent on the battery’s
SoC. If the battery cell is not fully charged than there is
lead sulfate layer on the surface and within the pores of
the plate. Thus, this layer increases the opposition to the
flow of ions. Therefore, the contribution of this battery
condition will change the resultant phase angle (8,), thus
further adding to the variability of this measurement
technique. This component of R, is also the component
that causes the battery’s terminal voltage to go down
when the battery reaches very low SoC. During the first
major portion of the discharge of a lead acid battery the
output voltage is relatively constant, however, near the
end of discharge the voltage rapidly decreases. As 7,
rapidly increases this marks the end of discharge. Thus,
the contribution of this battery condition will also
change the resultant phase angle (0,) and the variability
of this measurement technique will increase as the dis-
charge continues

¢) C,, a component of the battery model in FIG. 2 is also
affected by SoC. If the battery cell is not fully charged
than there is lead sulfate layer on the surface and within
the pores of the plate. Thus, this layer alters the permit-
tivity of the cell thus affecting the representative capaci-
tance of the cell. Therefore, the contribution of this bat-
tery condition will change the resultant phase angle (6.,),
thus further adding to the variability of this measurement
technique.
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How does Battery Temperature Affect Z,,,?

In general, R, ,, a component of R, could be temperature

sensitive, but, in general it is not over the temperature ranges

of interest, therefore in most practical situations this compo-
nent will have minimal impact on the resultant phase angle

(0,). The effects of the contribution of temperature on C,, is

minimal compared to the effects noted below. The following

components are affected by temperature:

a) RGr’idi RAZZoyS Rposti and RGr’idpasteS COmpOnentS of Rms
are temperature sensitive. Therefore, a majority of the
metallic opposition (R,,) to the flow of energy, i.e. elec-
tron flow, depends of the battery’s temperature when the
measurement is taken. Thus, this battery condition
affects the contribution that these components add to the
resultant phase angle (8,), further adding to the variabil-
ity of this measurement technique.

b) Rercrrones @0d Ry, components of R, are highly
sensitive to temperature. Anytime one heats up a chemi-
cal reaction the reaction rate will increase. Thus, this
battery condition affects the contribution that these com-
ponents add to the resultant phase angle (6,), further
adding to the variability of this measurement technique.

How do Battery Design, and/or Manufacturing Tolerances

and Process Affect 7,57

In general, all the components of the battery are aftected by
its design/manufacturing tolerances and process. However,
some are not as significant as others.

a) The components of R, are subject to variations based on
different battery designs and the materials used. More
importantly, these components are highly susceptible to
manufacturing tolerances and processes, i.e. various
welding/bonding techniques. Each manufacturer makes
the battery slightly different, therefore the complex
impedance response for the same battery chemistry will
be different. Just because all the batteries are of the same
lot does not mean their electrical response characteris-
tics are the same. Manufacturing batteries is amessy and
highly variable process. Particularly, every battery will
have its own impedance signature, thus affecting the
resultant phase angle (0,) and further adding to the vari-
ability of this measurement technique.

b) The paste, separator and electrolyte are tightly con-
trolled via industry regulations. R, R, and

ctecurotyre» ©OMponents of R, and are less susceptible to
design, manufacturing tolerances and/or process varia-
tions. Nonetheless, the complex impedance response
and thus the resultant phase angle (8,) are affected by
this factor, thus, adding to the variability of this mea-
surement technique.

¢) Clearly C, is very dependent on the design and manu-
facturing process and therefore this battery condition
affects the contribution that this component adds to the
resultant phase angle (0,), further adding to the variabil-
ity of this measurement technique.

It is worth noting that since each battery is a bit different,
i.e. has a different electrical excitation frequency response,
the actual EIS equipment that different manufacturers design
also add to the variability of this measurement technique. So
even a battery from the same lot and under tight industry
regulation will respond differently and different conclusions
will be drawn on the health of the battery, based on the
resultant phase angle (0,), because the EIS manufacturer uses
a different electrical excitation frequency. Manufacturers
have not settled on the same (the right) electrical excitation
frequency and this alone adds variability to this measurement
technique.
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In summary, the single frequency measurement technique
comes with significant measurement variability and this takes
away from its accuracy. Therefore, any results from this tech-
nique will remain in question and its ability to eliminate the
costly, restrictive and time consuming test discharge has
fallen short. At best, this technique may be useful in identi-
fying imminent failure, i.e. a rogue cell, but this is too little,
too late. Consequently, based on the inherent variability in
this measurement technique, if it were the only indicator the
utility used in determining the health of a battery pack then
costly ‘premature’ battery pack replacement would be likely
based on uncertainty alone.

FIG. 3 shows the resultant phase angle (6,) using the single
excitation frequency EIS technique. The green shaded area is
representative of the phase difference from that an ideal
capacitor would present at the same frequency (recall from
FIG. 1 that for an ideal capacitor V reaches a maximum or
minimum just as [ is zero, and vice versa). The difference is
based on the battery’s inherent kinetic transport limitations,
i.e. slower ion flow, but, it is also comprised of the variability
and uncertainly that was a result of the change in the battery’s
complex impedance response from the eftects of aging, SoC,
temperature, and battery design, manufacturing tolerances
and/or processes. Therefore, it should be clear that only part
of the green shaded area truly represents the battery’s SoH,
it’s age, and the rest represents inherent features of the battery
even for a brand new battery with excellent SoH.

One could surmise that each of the EIS equipment suppli-
ers could determine the complex impedance response of each
and every battery that is available and use this beginning of
life measurement to yield better results. This equipment
manufacturer could keep an extensive database so when their
equipment was used it would give a better indication of that
battery’s health. However, this is a daunting task to say the
least; first battery manufacturers are not that forthcoming
with battery data and they would most likely not provide this
initial measurement, secondly there are way too many types
of batteries available to keep track of, and finally this would
only remove some of the variability’s discussed above.
Therefore, this attempt would significantly complicate and
add cost to this measurement technique and the benefits for
undertaking this approach would be obviated by the remain-
ing variability (inaccuracy) that was still in the measurement.
True State-of Health (SoH) Meaning

SoH has many different meanings and is often misinter-
preted. True SoH measurement is supposed to give the user a
better understanding of the chemical potential energy
(Joules) that is available for conversion to useable electrical
energy (A-hrs) when the battery is called upon. If the mea-
surement technique used is influenced by factors such as SoC,
temperature, and battery design, manufacturing tolerances
and/or process, as is the single frequency excitation tech-
nique, then the user will not be presented with the right
information to make a decision whether or not to replace the
battery pack. This uncertainty is costly to say the least and
thus this is why utility companies still to this day rely on
costly, restrictive, and time consuming periodic test dis-
charges.

What we really want to know from a SoH measuring tech-
nique is the battery pack’s true electrochemical health. The
SoC, temperature and battery design, manufacturing toler-
ances and/or process, and their contributions to the battery’s
complex impedance response, and resultant phase angle
response, does not tell us whether or not our battery pack is
healthy and we need a way to factor these out. What we really
need to know in order to make an informed decision about our
battery’s health is how old is it, the battery’s age in electrical
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terms! Clearly, we want to know how our battery pack has
aged based on the regimen we have put it through. So, in order
for a measuring technique to be informative we need to elimi-
nate the variability that is introduced by its components based
on SoC, temperature, and battery design, manufacturing tol-
erances and processes and we also need to eliminate the
variability introduce by different EIS measuring equipment.
As discussed previously, each EIS device manufacturer uses
different electrical excitation frequencies and this alone intro-
duces measurement variability. If one could get all the manu-
factures to use the same electrical excitation frequencies then
this variability could be substantially reduced, but this is
highly unlikely. The resultant measurement needs to tell us
about how the age of the battery is going to impact its ability
to serve its intended function when called upon, Joules to
A-Hrs conversion. Thus, the measuring technique needs to
somehow eliminate the variability’s discussed above.

From FIG. 3, the ultimate goal is to reduce the green shaded
area, which would mean that some of the variability intro-
duced by factors other than battery aging would have to be
eliminated and the resultant measurement would be more
indicative of the battery’s true SoH, i.e. its electrochemical
health.

Dual Electrical Excitation Frequency (w,' and w,?) Attempt

As a natural response to the shortcomings of the single
frequency measurement method, an attempt was made to use
two electrical excitation frequencies, w,' and w,> respec-
tively. The goal here was to extract additional electrochemical
health information, by eliminating some of the variations
introduced by non-relevant factors, by exciting the battery
with two different electrical excitation frequencies, close in
time. However, this method also fell short. The following
relationships illustrate this concept:

(3) Complex Impedance of Battery (Z,,,), with w,’ and
® 2

e

1
Ziyr = | (@) + Ralw)) _ [ . wlCp(w}) ]
o + (WL Cp(wh))? b + (@ C(wh))?
1
Ziyr = | Ru(w?) + : Ra@]) _ [ . WICh(w}) ]
Bwd + (@2Cp (D)) A + (2 Cp(w2)?
Where;

m,'=1% electrical excitation Frequency

o,?=2"4 electrical excitation Frequency

(4) Voltage (V) and Current (I) phasor relationship, with
o' and w2

v/ 6
1

v/ 6?
1

_ 7l
= ZINT

— 72
- ZINT

Where;
e 1
=Phase Angle difference between V and I due to 1% elec-
trical frequency excitation
0>
=Phase Angle difference between V and I due to 27 elec-
trical frequency excitation
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In Equation 4, there are two different complex internal
impedances responses, Z,,.* and Z,,,>. The battery responds
differently because it is being excited by a different electrical
excitation frequency and the resultant complex internal
impedance response to each is different. Some of the compo-
nents that make up the battery’s complex internal impedance
(Z;n7) present a different opposition to the various frequen-
cies with which they are excited. The components that make
up R, (the metallic opposition, electrons) are not very fre-
quency sensitive at the frequencies of interest. However, the
components that make up R, (the electrochemical opposi-
tion, ions) are sensitive at all frequencies. Additionally, the
capacitive component, in FIG. 1, and its contribution to the
complex impedance response of the battery is also frequency
sensitive. Thus, it should be clear, that the two expressions for
Z,vr in Equation 4, Z',,, and Z2,,,,, will have a different
response to different excitation frequencies, w, and w,
respectively. But, recall that the main problem with the single
frequency method was that the complex impedance response,
and it’s resultant phase angle, was highly dependent on the
age, SoC, temperature and various design, manufacturing
tolerances and/or process. So, in order for this approach to be
effective, and to instill confidence in this electronic battery
SoH measurement technique, it would have to eliminate all of
these dependencies so that the resultant measurement is truly
indicative of the cell’s age.

This measurement technique takes the difference of the
resultant phase angle response, 0, and 0_%, measured at the
terminals of the battery, and this provides additional insight in
to the battery’s internals and this aids in determining the true
SoH of the battery. One would think that this two frequency
approach is far superior to the single frequency approach;
however, it is the intent of this disclosure to show otherwise.
Just using two electrical excitation frequencies taken close in
time is not enough to make this method of measurement
acceptable in the industry. There are other variations of this
concept that have been explored, e.g. scanning through a wide
range of frequencies and measuring several resultant
responses, all of the electrical excitation type. These attempts
have merit but they are also limited and they too have several
variations in the response which make these measurements
unreliable as well. The added scanning significantly compli-
cates the required electronics and greatly raises the cost. One
must keep in mind that the utility or end user is not going to
pay more for a battery monitoring system then the battery
itself. This would not make much business sense; why not just
replace the battery when it is suspect. So, the goal is to
eliminate the variation without complicating the required
electronics and increasing the cost.

(5) The battery internal impedance difference AZ,,,-based
on (3) is:

e _ el 2 _
AZINT = ZINT - ZINT =

1

Re(wh) wCylw})
. _
1 112 - 1 1y)2
Fan @Ol | e + @il
—J
L WECylw?)
Ret(w?)
’ T + (@GR
+ (@RCHWR)? Ra(we)

RY(wd)

The impedance difference in Equation 5, although tedious,
represents the advantages of the dual electrical frequency
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approach. Most importantly, this complex impedance
response does not contain R, which drops out when taking
this difference, and as will be recalled from the single fre-
quency method description this term was present in the com-
plex impedance (Z,,,,) and added variability to the measured
phase angle (6,). Only one component of R,,,, R, 4,450 W28
affected by age, but all the components of R, ; R . » R, 7,
R,z and R, .. were all affected by temperature and the
battery design, manufacturing tolerance and/or process.
Thus, eliminating this term from the complex impedance
expression was a step in the right direction. That is, this dual
frequency excitation difference method eliminated the effects
that two of the battery’s conditions, i.e. temperature and the
battery, its design, manufacturing tolerance and/or processes,
had on R,,, and thus reduced this contribution to the variabil-
ity of the measurement.

By exciting the battery close in time and taking the differ-
ence of the phase response of two distinct electrical excitation
frequencies two of the large contributors to the variation of
the measurement have been eliminated. Hence, the variability
in this measurement technique has been reduced, and closer
approaches a measurement that is more representative of the
true SoH of the battery, its age. Essentially, since the tempera-
ture did not change and the battery design is the same between
the two measurements their contribution to the variability in
the measurement is eliminated. FIG. 4 shows that the green
shaded area in FIG. 3 above has been reduced by this dual
frequency approach. The red shaded area represents the vari-
ability that was removed by eliminating the effects of tem-
perature and battery design, manufacturing tolerances and/or
processon R .

However, from Equation 5 it is shown that 7, is still
dependent on R_;, C, and w,. As described earlier, R ; is
affected by the battery’s age, SoC, temperature and battery
design, and manufacturing tolerances and/or processes. So
even with this dual frequency excitation difference approach
there will still be significant variability in the measurement
and it is not all due to the battery’s age. The main goal of the
dual frequency approach was to eliminate the variation in
measurement so that it better represented the true health of the
battery, however, in doing so, this measurement technique
actually added variability into the measurement results.
Since, the components that make up R, will behave differ-
ently to different electrical excitation frequencies this behav-
ior manifests itself the difference measurement. Thus, new
unknowns have been added to the measurement technique
that were non-existent in the single electrical excitation tech-
nique. Therefore, the selection of the second excitation fre-
quency alone will yield different results in the measured
phase angle difference, A6..

It is clear that even though the dual frequency approach
helped, and was superior to the single frequency approach, it
still has limitations in its ability to accurately measure the
SoH of a battery. The variations induced by different battery
types and material, i.e. paste, separator and electrolyte, aging,
SoC, temperature, are still present within the AZ, . expres-
sion in Equation 5 and they are a direct result of the variations
in R,; and its frequency response to two distinct electrical
excitation frequencies.

It is worthy to note that much study and exploration has
been expended on the electrical frequency selection for this
type of measurement method. From Equation 5 it is evident
that the value of both 1, ' and 1 will affect the phase differ-
ence, AO,. Meaning, if two identical batteries are tested and
all other parameters remained equal one would get two dif-
ferent A6, if one used two differently supplied EIS equip-
ment. This is not visible to the end-user because the equip-
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ment manufactures draw their own conclusions on what the
actual SoH is based on the phase difference response seen by
their system. The real goal was to reduce variability in the
measurement of SoH, in order to get the true electrochemical
health of the battery, now we have even furthered the level of
variation: the EIS equipment supplier’s selection of two elec-
trical excitation frequencies. So, we eliminated some of the
variability of the single excitation technique but added some
variability based on our enhanced measurement technique.
Thus, this tends to keep the green shaded area in FIG. 4 larger
than it should be. Consequently, it is not surprising that one
EIS vendor may say that their system is superior based on
frequency selection, but, as we have disclosed, all EIS equip-
ment using this electrical measurement method is subject to
the variations brought on by R_,. Albeit, the variation may be
less from one frequency selection to the next, however, this
difference is marginal at best. Certainly not a ‘real’ perfor-
mance differentiator in the market place!

The Mechanical Excitation Frequency (,,) and Single Elec-
trical Excitation Frequency (w,) Method

As shown the single and dual electrical excitation fre-
quency approaches both have their advantages and disadvan-
tages. The evolution of EIS techniques/technologies has
grown in complexity and cost but the performance, i.e. their
ability to accurately measure SoH, has not grown in propor-
tion. It is disclosed here that there is a much more accurate
method for determining the actual SoH of a battery. The
principle behind this method is to introduce a mechanical
excitation frequency w,,, as is disclosed in U.S. Pat. No.
7,592,094. This prior art demonstrates that the introduction of
a mechanical excitation frequency w,,, to an energy storage
device makes the device operate much more efficiently and
will substantially minimize the storage device’s degradation.
This disclosure is focused on the advantages that mechanical
excitation can additionally have on one’s ability to accurately
determine the battery’s true SoH, its age. This adds value to
the use of mechanical excitation in the energy storage market
place, meaning, if the utility is taking advantage of the per-
formance and cycle life improvements that mechanical exci-
tation offers then it makes commercial business sense to take
advantage of this novel and industrious method of SoH deter-
mination. The combination of both mechanical excitation for
improved performance and life and a better and more accurate
SoH measurement technique will change the face of energy
storage as we currently know it.

It will be demonstrated that the variations brought on by
R_;, in the single and dual electrical excitation frequency can
be all but eliminated by the proper application of a mechani-
cal excitation frequency (w,,). As discussed above, the
expression for AZ,,-in Equation 5 was effected by the bat-
tery’s SoC, temperature and various design, manufacturing
tolerances and/or process as well as the device’s age, i.e. SoH.
When testing a string of batteries with the same electrical
excitation measurement device, the user will get a different
A6, i.e. SoH, reading for each battery in the string. The goal
of any measurement technique is to ensure that the measured
A8, is indicative of the battery’s true SoH, and of that alone.

To illustrate, take a string of batteries and envision that we
are going to test each one individually. Each battery in the
string will be at a different age, even if the string was com-
prised of batteries from the same lot and placed into service at
the same time. The problem is that each battery cell charges
and discharges at different rates throughout its life and this is
mainly due to differences in its internal impedance (Z,,,,) and
imbalances between cells in the string. These are the same
differences that make the current electronic excitation means
of determining the battery’s true SoH very inaccurate and
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unreliable. Therefore, each cell will be at a difterent cycle life,

ak.a.age. Often, one confuses cycle life with calendar life but

the differentiation is critical.

Since it was already determined that R_,’s magnitude is
sensitive to aging mechanisms, part of each cell’s complex
impedance response to an electrical excitation frequency, and
the corresponding AO,, is due to age. The question is how
much of the measured phase difference can be attributed to
age? After all, this is what everyone is looking for since the
battery’s true SoH is, or more correctly, should be, a measure
of'its electrochemical health, e.g. its ability to convert chemi-
cal potential energy to electrical energy then back again. So,
what we really want to know is how the paste, separator and
electrolyte will interact, i.e. the energy conversion process,
when called upon for service. The effects from the battery’s
SoC, temperature, and design, manufacturing tolerance and/
or process should not be present in the measurement. Even
though these parameters play a part in what the battery will
supply, i.e. capacity—A-hrs, for its given state, one should
not mislead one into prematurely replacing a battery pack
based on the variability they add to the chosen measurement
technique. All we really want in the measurement result are
the effects that are due to the battery’s age! R ,’s magnitude in
response to an electrical excitation frequency, or the differ-
ence in the response from two electrical excitation frequen-
cies, alone is descriptive, but it is also very deceiving and this
inherent uncertainty directly effects a utility’s bottom line,
i.e. cost! Clearly, if a battery pack’s SoH is in question based
on the results of the applied measurement technique then this
will drive the utility to performing a costly and operational
restrictive test discharge which, as explained earlier, actually
detracts from the battery pack’s useful life. Therefore, the
purpose of this novel, inventive and industrious mechanical
excitation technique is to remove this inherent uncertainty in
the electronic measurement technique, thereby, obviating the
need to conduct frequent and costly test discharges.

R,; is comprised of three components; Ry, ., Rg,, and
R, jecrroyees their individual magnitude response to an electri-
cal excitation frequency will be analyzed below:

L. Ry 00 Rsops Rezocsronyse a0 C,, are sensitive to aging, thus

adding variability to resultant AO,

2.R,, .. and R ;. s, are sensitive to temperature, thus

adding variability to resultant AO,

a. As discussed earlier Ry, could be sensitive to tem-
perature, but in general, in most practical circum-
stances, it is not in the temperature range of interest.

3. Roresrotyres Rpusse a0d C,, are sensitive to SoC, thus adding

variability to resultant A9,

4. R s00 Rsops Reecrrornse a0d C,, are susceptible to battery
material and manufacturing tolerances and/or process,
thus adding variability to resultant AO,

Thus as can be seen each of these component’s magnitude
response to an electrical excitation frequency are impacted by
the conditions noted above, thus adding to the variability of
the resultant measured phase angle 0,. Therefore the true
effects of aging on the electrochemical health of the battery,
i.e. SoH, are masked by the effects of temperature, SoC and
the battery design, manufacturing tolerances and/or pro-
cesses. It is also subject to the EIS equipment design and
tolerances as well as this equipment supplier’s interpretation
of'the electrical excitation measured response.

By measuring the internal impedance with and without a
mechanical excitation frequency (w,,) and only using a single
electrical excitation frequency (w,) the influences of the tem-
perature, SoC and battery design, manufacturing tolerances
and/or processes on the measured phase angle 0, can be
eliminated and the resultant measured 6, will be indicative of
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the true electrochemical health, i.e. SoH (age), of the battery.
This mechanical measurement technique also reduces the
response’s susceptibility to the EIS equipment design and
tolerance and substantially reduces variance introduced by
the designer’s interpretation of the result measured response.

(6) Battery Internal impedance difference, with o, and w,,,,
AZ 77(,,), compare to equation (5) in which both applied
frequencies are electrical.

AZper(wm) = Ziy = Zigir(wm) =

1

Re(w.) w,Cp(w,)
;HMC(M))Z ;HMC(M))Z
Ryws) 0 | Rtwn
1 - ©:Ch(0m)
Rt (W
) o+ enColom)?
- 2 o (Om
R + (we Cp (W)
Constraints on Electrical Excitation
@)
(e Cp)? >> El and (weCh(twm))? >> ———
‘ R o R ()

Equation 6 can be manipulated and transformed by using
constraints similar to that shown in Equation 7. One should
keep in mind that there are other constraints on electrical
excitation frequency selection that have been learned and
applied by EIS equipment suppliers over decades of use and
that these should also be considered during the implementa-
tion of this disclosed measurement technique. The mechani-
cal excitation frequency selection is dependent on electro-
chemical constraints, i.e. chemical reactions and battery
chemistry, which will be discussed later in this disclosure.
The Z,,,, expression in Equation 6 represents the battery’s
complex internal impedance and reveals its dependency on
both the electrical and mechanical excitation frequency.
Equation 8 and 9 below represent the polar form of the bat-
tery’s internal impedance (Z,;) and are used for illustrative
purposes, and show that the resultant magnitude of 7, and
the resultant phase shift 6, between V and I is different when
mechanical excitation ,, is applied while taking a single
electrical frequency measurement. The phase shift 6, (Equa-
tion 8)is a result of electrical excitation and it is dependent on
the mechanical excitation w,,, (Equation 9). The differences in
the phase shift 0, with and without mechanical excitation are
due to the contributions of R, and C, in Equation 6 above.

AZ ;e £6° without mechanical excitation

®)

AZ v (0,,)26%(w,,) with mechanical excitation

©

This difference expression for 7, with and without
mechanical excitation, reveals very pertinent electrochemical
health information about the battery. From FIG. 5 the differ-
ence from the single electrical excitation phase response, and
the single electrical excitation phase response with mechani-
cal frequency excitation (the red shaded area), can be used to
better ascertain the true SoH of the battery (the green shaded
area). HEssentially, this phase difference is with and without
mechanical excitation is measured, and the resultant differ-
ence (green shaded area) is indicative of the electrochemical
health of the battery.
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The green shaded area (above the horizontal axis) in FIG.
5 does not have the variability that plagued the single electri-
cal excitation method with the exception of that induced by
the age of the device. These measurements are taken very
closely in time in an environment in which the temperature is
held substantially constant, therefore, temperature does not
affect the change in the magnitude response of R, with and
without mechanical excitation, SoC does not affect the
change in the magnitude response of R,; with and without
mechanical excitation, and, finally the battery design, manu-
facturing tolerances and/or processes do not affect the change
in magnitude response of R, with and without mechanical
excitation. These variability’s are represented by the red
shaded area (below the horizontal axis) in FIG. 5. All that
affects the magnitude of R, in this measurement technique is
the effect of the mechanical excitation signal (w,,) on the
opposition to the flow of energy. Therefore, the battery’s
internal complex impedance response is not only dependent
on the electrical excitation frequency (w,) it is also a function
of the mechanical excitation frequency (w,,).

By applying mechanical energy at the proper frequency
and amplitude the kinetic transport deficiencies of the reac-
tion ions are mitigated. The result is a reduction in R ; and this
in turn will impact the complex impedance response and
corresponding phase angle. This reduction in R, is at the
electrode-electrolyte interface and it is mainly due to the
R, s a0d R ;o rpop0 contribution. This is accomplished by
the interaction of the mechanical wave and the subsequent
altering of limiting pore sizes that are formed within the
insulator layer (PbSQO,) that is found all over the electrode
reaction area during discharge. The mechanical waveform is
at a frequency which ensures that the pore dimensions are
kept large enough to allow/ensure passage of the larger and
less energetic reaction product ions (HSO,™ and SO,™7) so
that their concentration levels and corresponding ionic fluxes
are generally higher and they are more able to rapidly change,
at distances that are closer to the electrode surface, in
response to changes in the Pb** ion flux (which are based on
electrode potential changes). If the mechanical energy does
not reduce R, then the electrochemical health of the cell is in
question. As the battery ages the effects of mechanical energy
on the magnitude of R, will slowly diminish overtime, and
will result in less of an impact on the battery’s complex
impedance response and therefore less of a change in the
resultant phase angle.

It should also be seen that the variance introduced by the
EIS equipment itself has been eliminated from the resultant
complex impedance response and thus does not contribute to
the variability in this measurement technique, as long as the
electrical excitation frequency selection is sufficient so that
the constraints illustrated in Equation 7 hold true.

The only thing that will influence the change in the mag-
nitude response of R, is the predetermined mechanical exci-
tation signal. In this measurement technique the only vari-
ability introduced will be due to the effects ofagingonR ;and
C,. This is the goal of any EIS measurement technique.
True State-of-Health (SoH) Measurement Using Single Elec-
trical (w,) and Mechanical (w,,) Frequency Excitation Tech-
nique

Since the variability in the single electrical frequency tech-
nique was eliminated by applying a mechanical excitation
frequency, a simple and straightforward measurement of the
true SoH of'the battery is now possible. However, it should be
understood that many different algorithms’ and prediction
models can be employed based on this disclosure. The under-
lying premise that makes these other modeling algorithms’
and prediction methods deployable is that the application of
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mechanical excitation energy has provided additional infor-
mation on the true electrochemical health of the electro-
chemical energy storage and/or energy conversion device.
This measure is indicative of the battery’s true electrochemi-
cal health and this will give the battery user reliable and
unquestionable information about the battery’s health, its
age. The only change in the phase angle A0, returned while
the battery is under the influence of the proper mechanical
excitation energy will be due to the battery components that
are susceptible to aging phenomenon. As the battery ages
these battery components will be less and less susceptible to
the effects of the applied mechanical energy and the electrical
phase change based on this mechanical excitation will
become less and less prominent, i.e., A0 (w,)-A0 (w,,)—0.
Essentially, the green shaded area (above the horizontal axis)
in FIG. 5 will get larger and larger as the battery undergoes
aging phenomenon, with A8 (w,,)—A6 (w,). The magnitude
of this phase angle change A8, (w,,), when mechanical exci-
tation (w,,) is applied, is dependent only on the contributions
of the battery components, R z, .., Rs.ps Rezecnoryre, a1d Cy,. As
these components age, the mechanical energy (w,,) will not
have such a pronounced effect on their contributions to this
electrical phase change A0 _(w,,), and this will be indication
that the electrochemical health of the battery is declining. A
measurement of the A6, (w,,), while mechanical excitation
(w,,) 1s applied, will be the basis that all future measurements
will be compared to. If at some future time in the battery’s
life, the measured A0 _(w,,), while mechanical excitation (w,,)
is applied, is less than that of the previous measurement, then
this difference is due to battery aging only. Eventually, when
the battery is heavily aged, or near end of life, the mechanical
excitation energy will not change the electrical phase angle
0,, i.e., the difference between these two phase differences
AB (w,)-AB (w,,)—0, and the battery pack, and/or cell,
should be replaced.

Since the aging effect of the battery components in ques-
tion will gradually reduce their respective contributions to the
battery’s internal complex impedance response, and corre-
spondingly change the measured phase angle 6, one can take
measurements at predetermined times, chart the progression
in the phase angle change, and actually predict when the
battery, and/or cell, will reach the end of its useful life. In fact,
if one knows the actual SoH of the device under test one can
apply a SoH factor to a known SoC and be able to determine
the available capacity of that energy storage device and/or the
conversion efficiency of an energy conversion device. It
should also be understood that the variability introduced by
the majority of the battery’s components in the single elec-
trical frequency technique can also still yield useful informa-
tion on the overall health of the battery.

Several different and useful variations of this prediction
model can be incorporated, and this will then aid the battery
user in making decisions about their battery pack’s health and
when imminent replacement is necessary. Several phase
angle 0,(w,,) measurements, while mechanical excitation
(w,,) is applied, are taken and a projection of remaining
battery life is determined. In one non-limiting embodiment of
this disclosure, the age related contributions are projected
using a straight-line approximation method and a prediction
on remaining battery life is determined. Using various pre-
dictions algorithms and prediction techniques this method
and device can also be used to accurately predict the device’s
residual energy capacity available for use as well as the
device’s remaining life time. While only the SoH determina-
tion method is described in this disclosure, it should be under-
stood that the underlying premise of the measurement and
prediction technique disclosed here is based on the availabil-
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ity of additional electrochemical health information that is
made possible with the use of mechanical excitation energy
with the current, and future, electrical excitation only mea-
surement techniques, whether it be single frequency, dual,
scanning, etc.

As a non-limiting example, FIG. 6 is the straight-line
approximation method for a typical battery. Let us say for
illustrative, non-limiting numbers, that when a given battery
is new, a battery is tested, and as a baseline, it is established
that AO=A0_(w,)-AB (®,,)=80°. Over time as the battery
ages, this 80° will diminish, which is to say, A8,-A68_(®,,)
will trend downward toward zero. As AB=A0_(w,)-A0 (»,,)
—0°, this means that the battery is approaching it end of life.
While the actual state of health may not be perfectly linear as
illustrated in FIG. 6, i.e., while a A8 _(w_)-A8,(w,,)=40° read-
ing which is halfway between 0° end of life and the 80°
baseline may not mean that the battery is at exactly 50% of its
useful life (i.e., while the straight, negatively-sloped line in
FIG. 6 may not be exactly a line), one may use the linear scale
in FIG. 6 as a good first order approximation of remaining
battery life. FIG. 6 is analogous, then, to the indicator in an
automobile which shows roughly the proportion of gasoline
which remains in the tank. However, AO=A0_(w,)-A0 (w,,)
—0° is in all cases the measurement that indicates actual end
of battery life, so the magnitude of A6 _(w,)-A6, (w,,) in rela-
tion to a baseline-time phase difference (such as the 80°
example above) may be taken as a rough linear gauge of
battery SoH.

This real-time SoH value can be used to secure much more
meaningful SoC measurements. There are intrinsic design
flaws in the current SoC monitoring and charge control sys-
tems which are of critical importance to the overall energy
storage management process. Battery manufacturers, integra-
tors and users are making significant trade-offs, whether
knowingly or unknowingly, between low-cost less-compli-
cated monitoring and charging systems and battery capacity
and power as well as overall service life. The industry’s
inability to develop solutions and technology platforms to
solve these shortcomings is in a large part based on the inabil-
ity to actually control the battery’s electrical performance
characteristics once it is put into service. Specifically, as
taught in U.S. Pat. No. 7,592,094, and as supplemented in this
disclosure, as the electrochemical storage device ages the
available active material (energy capacity—A-hrs) decreases,
and tertiary compounds crystallize and form unwanted bonds
causing non-rechargeable masses to form on, around and
within the electrodes, the charge acceptance declines, the
cyclic efficiency falls off, the energy and power density
declines, and eventually the battery cannot serve its intended
function.

The prior art provides no direct way of measuring the SoC
of'a Li-lon battery. There are indirect ways of estimating it,
but each suffers from limitations which are overcome by
using the real-time empirical SoH measurements as disclosed
here. There are several methods, all of varying degrees of
complexity and cost used in the art to better ascertain the
remaining capacity of a battery (i.e. for battery monitoring).
People are all familiar with laptop and cell phone battery
indicators. When a user finds these to be running low (e.g.
only one bar left, or, say 20% or less showing as a charge) we
typical initiate a charge by plugging the device into a wall
socket or a portable charger, no matter where we are or what
time of the day it is. What may not be as familiar to most is the
factthat as the battery (device) ages, users are forced to charge
these devices much more frequently. In other words, a brand
new portable battery-powered device may lasta day oreven a
couple of days when it is first purchased, but as time goes on
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that same device may only last 4-8 hours the user must look
for another wall AC outlet. Maybe not as obvious, one should
notice that not only do users find themselves charging their
phone more often; their charge times have also grown. Of
course, this depends on how the device is used and all the
power-hungry applications which may be used, but, the gen-
eral decline in performance is common to all. Like taxes, this
decline in performance, i.e. increase in the battery’s internal
impedance is inevitable, however, as previously discussed,
U.S. Pat. No. 7,592,094 discloses a method and device that
can essentially arrest this unwanted build-up of a battery’s
internal impedance.

SoC Monitoring with SoH Compensation—OCV and CCV
Method

State-of-Charge (SoC) measurement based on Closed-Cir-
cuit Voltage (CCV) (i.e. also known as voltage translation)
alone is not an effective method to determine residual capac-
ity remaining in the battery. It may be somewhat effective for
a brand-new battery under ideal conditions but the actual
correspondence between CCV and SoC will diminish rela-
tively shortly into its discharge cycle and shortly into the
service life ofthe battery. For instance, if a Laptop reports that
it’s SoC is 90% and that it has 2 hours and 10 minutes of
remaining life this may be close to the true since it is nearly
fully charged, and if the Laptop or its battery is relatively new.
More than likely, at the 1 hour point later (and assuming
computer usage was not altered), the computer may report
that you only have 30 minutes life remaining. One may ask
where 40 minutes of runtime was lost. The average Laptop
user likely does not pay this level of attention or has already
lost trust in their Laptop’s SoC or remaining runtime mea-
sure, and this is likely why the first thing users are always
doing is looking for an AC wall outlet. For the users that may
notice this inconsistency and inaccuracy they likely blame
this on their computer usage and how many power-hungry
applications they had launched. Regardless, this method may
suffice for a Laptop or cell phone because we are always able
to plug it in and recharge, however, in many other and larger
applications we do not have this option.

Unfortunately, one can only get a useful SoC measure if an
Open-Circuit Voltage (OCV) is measured after the battery has
been rested for a lengthy period of time. Also, based on the
constant increase and change in the battery’s internal imped-
ance over service life the accuracy of the monitoring system
is further compromised. It is clear that this OCV technique
will not be useful if the user needs to know how much energy
remains in their battery pack immediately, i.e. for an EV fuel
gauge, a portable medical device, and emergency backup
power supply, etc.

By applying using the type of empirical, real-time SoH
earlier disclosed here, the measured CCV may be compen-
sated with a correction to significantly improve on the accu-
racy of this CCV and its correlation to SoC. Such an approach
that take the empirical SoH as an input to the SoC determi-
nation will allow manufacturers to keep a majority of their
current SoC measurement systems hardware intact and give
them the ability to compensate and adjust the information
currently reported by their devices via the modifications of
their software algorithms. This added manufacturer function-
ality and flexibility will give the users a much more accurate
estimate of the residual capacity remaining in the battery (i.e.
SoC), especially, after the battery has aged.

SoC Monitoring with SoH Compensation—Coulomb Count-
ing Method

Another method used in the art to determine SoC for many
Li-ion portable devices is the use Coulomb counting. This
method works by measuring the current that flows in (i.e.
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energy in) and out (i.e. energy out) of the battery. However,
impedance losses during the charge and discharge process
and other inefficiencies reduce the total energy actually deliv-
ered and returned from the energy storage device and dimin-
ish the effectiveness of this SoC method. If the initial SoC of
the battery is known, from there the Coulomb counting tech-
nique can be used to calculate its future SoC. If not, that
presents a problem. For example, a 3 A current into a battery,
for 2 hours, will add 3*2=6 Ah to the battery charge. If the
battery capacity is 24 Ah, that will increase its SoC by
6/24=25%. That’s 25% more than it had been at the begin-
ning. But without knowing what the beginning SoC was, one
does not know the final SoC. Using the CCV, if one could
count on it, would be one way to determine the initial SoC,
however, the prior art presents no good way to do this.

Notwithstanding these Coulomb counting inefficiencies,
this method is widely used for portable Li-ion applications.
Unfortunately, when it comes to other chemistries, such as
lead acid, where the charge and discharge losses are greater
and when dealing with larger Li-ion applications (e.g. HeV,
PHeV, EV, frequency regulation, etc.) this method alone is not
adequate. Device manufacturers advertise a +/-1% accuracy,
however, this is only possible with a brand new battery, under
ideal conditions, and very early into the discharge and service
life of battery. This measurement accuracy is impacted by
many factors such as aging, but it is also impacted by drift
issues. In Coulomb counting the current is typically inte-
grated to determine total charge transfer, and as with any
integration it is susceptible to drift. Independent tests show
large errors using this technique in typical use and as the
battery applications become more demanding, for example,
with more frequent charge and discharge, faster and more
rapid transients, larger amplitudes, etc., the errors will be
even greater.

Aging and the build-up of internal impedance causes a
steady decline in this Coulomb counting SoC measurement
technique. By factoring in an empirical, real time SoH deter-
mined as disclosed earlier to compensate the measured Cou-
lomb counting method output will significantly improve the
accuracy of this measurement. It will allow manufacturers to
keep their current SoC measurement systems hardware intact
and give them the ability to compensate and adjust the infor-
mation currently reported by their devices via the current
software algorithms. This added manufacturer functionality
and flexibility will give the users a much more accurate esti-
mate of the residual capacity remaining in the battery (i.e.
SoC), especially, after the battery has aged.

Regardless of the current SoC measurement method being
used, or the battery chemistry it is applied to, if the system
does not account for the effects that cycle aging have on the
battery’s electrical performance characteristics, it will benefit
from this disclosed methodology.

Charging & Voltage Regulation Accuracy with SoH Compen-
sation Vs. Capacity Fade and Service Life

In this discussion, we use a typical Li-ion battery for illus-
trative purposes; however, this in no way limits this approach
with respect to other battery chemistries or in general with
electrochemical conversion devices. As shown in FI1G. 10, the
charging of a Li-lon battery generally consists of three
phases: pre-charge; fast-charge constant current (CC); and
constant voltage (CV) termination (i.e. I,,,,). In the pre-
charge phase, the battery is charged at a low-rate (typical of
V1o the fast charge rate) when the battery cell voltage is below
3.0 V. Above 3.0 V the battery is charged at a higher and
constant rate (i.e. CC) until it reaches voltage plateau (typi-
cally 4.2V for Li-ion). Finally, it enters the CV phase where
the charge current exponentially drops to a defined termina-



US 9,325,193 B2

25

tion level. The CC and CV phase are controlled via the mea-
sured CCV and voltage regulation is of critical importance.
Many Integrated Circuit (IC) manufacturers are respond-
ing to the market need for more accurate and safer battery
chargers by developing low-cost linear battery chargers. A
low-cost standalone linear battery IC only uses a few external
components, hence the low cost; however, they also come
with inherent and significant disadvantages. These low-cost
1C’s, with less than adequate voltage regulation accuracy,
come with a penalty. The trade-off is a lower initial charger
system cost vs. a lower battery capacity and service life.
Specifically, the higher the capacity and power fade means the
manufacturer must pay a higher initial cost in A-Hr capacity
to ensure operation (i.e. buy a larger battery than needed) and
the shorter service life results in a higher cost to the user in
replacement cost. Thus, the manufacturers’ attempt to reduce
the initial cost of the battery charging system, although admi-
rable if this savings is passed to the customer, is actually
resulting in an overall total cost of ownership penalty.
Specifically, during the CC and CV phase, accurate voltage
regulation is critical to ensure optimum battery capacity and
power utilization and improved service life. Less accurate
battery voltage regulation (i.e. wider tolerance) can result in
undercharging the battery pack, which results in a large
decrease in battery capacity and power (increased capacity
and power fade) earlier and throughout service life. For
example, the battery loses about 8% eight percent capacity
(about 120 mAH for a 1500 mAH battery) if it is under-
charged by 1% voltage (about +/-0.037V for a typically 3.7V
battery). For example, if the CCV voltage triggered the CV
phase at ~4V (-5% regulation), that battery would be under-
charged and there would be less energy available during its
discharge (i.e. capacity fade). On the other hand, inaccurate
battery voltage regulation also means the battery pack and/or
cells can be overcharged, and it is well known that overcharg-
ing can significantly reduce the battery service life and also
raise considerable safety and reliability concerns. Voltage
regulation is of the utmost importance; however, there is also
another effect that further complicates these negative effects.
Based on the battery industry’s frustration and inability to
solve Li-ion chemistries pronounced capacity fade and
shorter-than-desired service lives this is likely the predomi-
nant factor and the problem that needs to be solved. Based on
this disclosure and that of U.S. Pat. No. 7,592,094, over the
service life of a battery the internal impedance (Z;,,) of a
battery increases (i.e. FIGS. 7, 8 and 9). Therefore, at the
same rated charge current (i.e. pre-charge and CC phase
C-rate) the measured CCV voltage will reach the CV plateau
sooner into the charge and trigger the CV phase. However, if
the charge controller manufacturer assumes that this internal
impedance (Z,,) does not impact the measured CCV in a way
that compromises the designed correlation between CCV and
SoC, then voltage regulation accuracy itself becomes of sec-
ondary concern. Meaning, since the measured CCV reaches
the CV threshold voltage (e.g., 4.2V) earlier in the high-rate
constant current (CC) charge it will be present for a shorter
period of time which will result in less electrical energy being
converted to chemical potential energy (i.e. recharge), thus it
will enter the CV phase at a lower SoC. At the same constant
charge voltage (i.e. CV phase ~4.2V), the current available
for conversion to chemical potential energy will be less
because of this same increase in Z,,, and therefore for the
same time to termination the conversion of electrical energy
to chemical potential energy will be less and less (i.e. lower
SoC). So, the designer may select ~4.2V as a threshold of CV
phase based on the understanding that this correlates to a

20

25

35

40

45

55

26

specific SoC level for this Li-ion chemistry, however, as the
battery ages this correlation diminishes.

As the service life of the battery increases this effect will
become more and more pronounced and become the majority
contributor to dramatic capacity and power fade as well as
accelerated degradation and premature failure of the battery
pack. Additionally, this effect is further compounded earlier
into its service life as the duty cycle of the battery pack
becomes more demanding (i.e. more frequent charge and
discharge, faster and more rapid transients, larger amplitudes,
etc.).

In order to reduce this under and over-charging issue that
plagues the industry, the measured CCV that the charging
system regulates to must be accurate and even more impor-
tantly must be representative of the actual empirical, real-
time capacity available (i.e. SoC) at that point in the battery’s
service life. This disclosure teaches away from measured
voltage regulation as being the major contributor to capacity
and power fade and a subsequent decline in service life. It
teaches that in addition to accurate voltage regulation one
must account for the empirically and accurately-measured
SoH conditions of the battery. It also teaches that even though
voltage regulation accuracy is critical to battery performance
and service life, degradation (i.e. ak.a. aging, build-up of
internal impedance) is also critical and the predominant fac-
tor that must be accounted for as the battery ages. Addition-
ally, as the battery’s service becomes more demanding (i.e.
more frequent charge and discharge, faster and more rapid
transients, larger amplitudes, etc.) this negative effect is
amplified and more pronounced which leads to larger capac-
ity and power fade as well as accelerated degradation and
premature failure.

A simple but descriptive analogy to this issue: Take a much
older vehicle gas tank where sediment will collect at the
bottom of the tank, corrosion layers will build up on the walls
of the tank and where the water content increases over time.
So, when the car is new one may get 400 miles per tank but a
few years later that same tank fill up (equivalent gallons) will
only yield 350 miles. The corollary to the SoC problem above
is that the car’s fuel gauge (i.e. CCV-SoC) reports ‘Full” in
both cases. Of course, newer and more ideal gas tanks are not
as susceptible to these issues since over the years solutions
have been developed and implemented to minimize this
effect. This empirical, real-time SoH compensation can be
related to the gas tank solutions, but for the battery.

There are battery chargers on the market today that are
much more accurate; however they are also much more com-
plicated and expensive. For example, there are battery charg-
ers that not only monitor voltage but also monitor temperature
and current which may allow for a compensation of the bat-
tery’s actual internal impedance effect, and there are also
chargers that predict the battery’s degradation and compen-
sates for it. There are also elaborate and complex systems and
algorithms that predict battery capacity based on an assumed
theoretical operational profile, however, if the in service bat-
tery deviates from the theoretical norm these elaborate sys-
tems fall apart. These charging systems are overly compli-
cated and expensive especially for smaller portable
applications. This is likely the basis for manufactures moving
towards these low-cost IC’s and this negative trend of regu-
lating based only on measured CCV (i.e. V) without
taking into account the as-is empirically-deduced capacity
(i.e. SoH factored into the SoC). This ultimately leads to
less-than-desirable battery performance and service life. Uti-
lizing the disclosed SoH monitoring technique will allow for
real-time correction of the measured CCV to account for
degradation or aging of the battery cells that make up the



US 9,325,193 B2

27

battery pack. The low-cost linear IC charger discussed above
do not take this variance into account and therefore sacrifices
available battery capacity and service life of the battery pack,
which is accentuated as the battery pack’s duty cycle becomes
more demanding (i.e. rapid, fast transients, high amplitudes,
more frequent charging, etc.). This same methodology can
and should be applied during the formation charging process
to account for and minimize the negative effect that inaccu-
rate voltage regulation has on the ‘as-built’ condition of the
battery cell. During formation charging, the voltage profile is
extremely important and can affect the battery’s ultimate
performance and lifetime characteristics.

The disclosures here can be applied to any electrochemical
energy storage and/or energy conversion devices (generally
referred to simple as “energy devices”), including but not
limited to, certain types of fuel cells, solar cells and capacitor
technologies. In the broad understanding of the method and
device disclosed here, it applies to any electrochemical
energy device in which there are ionic species kinetic limita-
tions and/or deficiencies. Certain fuel cells, solar cells and
capacitors also have known ionic kinetic deficiencies which
impact their operating characteristics and performance and it
should be understood that this method and device disclosed
encompasses these type of devices as well.

It is to be understood that once SoH has been empirically
determined for a battery at any given real time, the process of
then deducing the SoC will typically entail using a comput-
erized device such as but not limited to an integrated circuit
with suitable processing capacity and non-transitory storage,
and that the SoH determination will be used in lieu of, or as a
supplement to, other known methods which are used to
deduce SoC from an assumed—though not empirically-es-
tablished—SoH, or, in some cases, from making no supposi-
tion at all about the SoH. It is also understood that the raw
SoH data may be transformed by the computerized device and
presented to the user in the form of a user-friendly data
display such as but not limited to a percentage number rep-
resenting how charged the battery is in relation to its total
charge capacity. It is also understood that an empirically-
deduced SoC in real time may then be applied via the same or
additional computerized device as part of the input data used
for to control and optimize the charging and/or discharging of
the battery so as to maximize its capacity, its energy delivery,
and its service life, and to minimize its recharging time.

The knowledge possessed by someone of ordinary skill in
the art at the time of this disclosure is understood to be part
and parcel of this disclosure and is implicitly incorporated by
reference herein, even if in the interest of economy express
statements about the specific knowledge understood to be
possessed by someone of ordinary skill are omitted from this
disclosure. While reference may be made in this disclosure to
the invention comprising a combination of a plurality of ele-
ments, it is also understood that this invention is regarded to
comprise combinations which omit or exclude one or more of
such elements, even if this omission or exclusion of an ele-
ment or elements is not expressly stated herein, unless it is
expressly stated herein that an element is essential to appli-
cant’s combination and cannot be omitted. It is further under-
stood that the related prior art may include elements from
which this invention may be distinguished by negative claim
limitations, even without any express statement of such nega-
tive limitations herein. It is to be understood, between the
positive statements of applicant’s invention expressly stated
herein, and the prior art and knowledge of the prior art by
those of ordinary skill which is incorporated herein even if not
expressly reproduced here for reasons of economy, that any
and all such negative claim limitations supported by the prior
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art are also considered to be within the scope of this disclosure
and its associated claims, even absent any express statement
herein about any particular negative claim limitations.

Finally, while only certain preferred features of the inven-
tion have been illustrated and described, many modifications,
changes and substitutions will occur to those skilled in the art.
It is, therefore, to be understood that the appended claims are
intended to cover all such modifications and changes as fall
within the true spirit of the invention.

I claim:

1. A method for empirically determining the state-of-
charge of an electrochemical energy device, comprising:

applying electrical excitations to the energy device at a
predetermined electrical excitation frequency w,;

applying mechanical excitations to the energy device at a
predetermined mechanical excitation frequency ,,;

measuring an electrically-induced phase difference A,
(w,) between voltage (V) and current (I) within the
energy device from applying said electrical excitations;

measuring a mechanically-induced phase difference A0,
(w,,) between voltage (V) and current (I) within the
energy device from applying said mechanical excita-
tions; and

deducing the empirical real-time state-of-health of said
energy device by comparing said electrically-induced
phase difference A8 (w,) with said mechanically-in-
duced phase difference A0 _(w,,); and

using said deduced state of health to determine the state of
charge.

2. The method of claim 1, further comprising:

taking a difference A6=A0 (w,)-A0 (»,,) between said
electrically-induced phase difference A0, and said
mechanically-induced phase difference A8 (w,,); and

using said difference as a basis to deduce said SoH.

3. The method of claim 2, further comprising:

deducing the state-of-health of said energy device by deter-
mining a magnitude of AO=A08_(w,)-A0_(w,,) in relation
to 0°, wherein better state-of-health is deduced from said
magnitudes being larger and poorer state-of-health is
deduced from said magnitudes being smaller.

4. The method of claim 2, further comprising:

deducing that said energy device is approaching its end of
life by determining that A6=A6_(w,)-Ab (w,,)—0°.

5. The method of claim 1, further comprising:

at a baseline time, determining baseline-time phase differ-
ences AO (w,) and AO (m,,) between current and voltage
of said energy device;

at a later time, determining later-time phase differences
AB (m,) and AB_(w,,) between current and voltage of
said energy device; and

deducing said state of health by comparing said later-time
phase difference with said baseline-time phase differ-
ence.

6. The method of claim 5, further comprising:

deducing said state of health by determining how much
said later-time phase difference has diminished from
said baseline time phase difference.

7. The method of claim 6, further comprising deducing a
magnitude of decline in said state of health substantially in
proportion to said diminution.

8. The method of claim 1, wherein:

a difference between measurements of internal impedance
Z 7 the energy device when said electrical excitation
frequency w, is applied versus when said mechanical
excitation frequency w,, is applied, is determined
according to:
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Zjyr(we) = Ziyr(wm) =

1
Rer(we)

W Cplwe)

+ (0, Cpw)f + (@, Cp(w)f

1
Rzl(we)

WeCp(wm)

Rzl(we)
1
Rei(m)

+ (e Colwm))?

m + (e Chlwm))
e1lOm

Rzl(wm)

where R, designates an electrochemical resistance of said
energy device and ¢, designates a storage capacity of said
energy device; further comprising:
deducing said electrically-induced phase difference A8,
(w,) between said voltage V and
said current [ according to

VYo, ()

Ziyr(we) = 7

and
deducing said mechanically-induced phase difference A8,
(w,,) between said voltage V and said current [ according
to

VV0,(wn)

Ziyp(wm) = 7

9. The method of claim 1, further comprising using said
state of charge determination to display to a user the degree to
which said electrochemical energy device is presently
charged.

10. The method of claim 1, further comprising using said
state of charge determination to control and optimize the
charging and/or discharging of said electrochemical energy
device.

11. An apparatus for empirically determining the state-of-
charge of an electrochemical energy device, comprising:

an electrical excitation source for applying electrical exci-
tations to the energy device at a predetermined electrical
excitation frequency m,;

a mechanical excitation source for applying mechanical
excitations to the energy device at a predetermined
mechanical excitation frequency m,,;

a measurement device for measuring an electrically-in-
duced phase difference A6, (w,) between voltage (V)
and current (I) within the energy device from applying
said electrical excitations; and

said measurement device for further measuring a mechani-
cally-induced phase difference A0 (w,,) between volt-
age (V) and current (I) within the energy device from
applying said mechanical excitations; wherein

the empirical real-time state-of-health of said energy
device is deduced by comparing said electrically-in-
duced phase difference A0 _(w,) with said mechanically-
induced phase difference A8 _(w,,); and

said deduced state of health is used to determine the state of

charge.

12. The apparatus of claim 11, wherein:

the state-of-health of said energy device is deduced by
taking a difference AB=A6_(w,)-AB (w,,) between said
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electrically-induced phase difference A8, and said
mechanically-induced phase difference A0 (w,,).

13. The apparatus of claim 12, wherein:

the state-of-health of said energy device is deduced by
determining a magnitude of AO=A0_(w,)-A0, (w,) in
relation to 0°, and wherein better state-of-health is
deduced from said magnitudes being larger and poorer
state-of-health is deduced from said magnitudes being
smaller.

14. The apparatus of claim 12, wherein:

said energy device is approaching its end of life is deduced
by determining that AO=AB8,(1y_)-A0,(1),,)—0°.

15. The apparatus of claim 11, wherein:

baseline-time phase differences A8, (w,) and A6 _(w,,)
between current and voltage of said energy device are
determined at a baseline time;

later-time phase differences A8, (w,) and A8 (w,,) between
current and voltage of said energy device are determined
at a later time;

said baseline-time phase difference is compared with said
later-time phase difference to deduce said state-of-
health.

16. The apparatus of claim 15, wherein:

said state of health is deduced by determining how much
said later-time phase difference has diminished from
said baseline time phase difference.

17. The apparatus of claim 16, wherein a magnitude of

decline in said state of health is deduced substantially in
proportion to said diminution.

18. The apparatus of claim 11, wherein:

a difference between measurements by said measurement
device of internal impedance Z,,,, the energy device
when said electrical excitation frequency w, is applied
versus when said mechanical excitation frequency m,, is
applied, is determined according to:

Zinr(we) = Ziyp(wn) =

1

Rei(0,) e Cp(we)
1
C 2 C 2
Rolon) + (W Cplwe)) | R?,(we)(wg b))
1 - ©cChlen) :
Rei(om) = )+(wng(wm))2
2 et Wm

R + (W Cp(wm))

where R, designates an electrochemical resistance of said
energy device and c, designates a storage capacity of said
energy device;

said electrically-induced phase difference A0 (w,)
between said voltage V and said current I is deduced
according to

VY 6. (w.)

Zijyr(we) = 7
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and
said mechanically-induced phase difference A0, (w,,)
between said voltage V and said current I is deduced
according to

vV . (wn)
e

Ziyr(wn) =

19. The apparatus of claim 11, wherein said state of charge 10
determination is used to display to a user the degree to which
said electrochemical energy device is presently charged.

20. The apparatus of claim 11, wherein said state of charge
determination is used to control and optimize the charging
and/or discharging of said electrochemical energy device.
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